D-Arabinitol is a five-carbon sugar alcohol or polyol; it is produced by pathogenic yeast species, and elevated levels of the metabolite are present in sera from patients with invasive candidiasis (5) . The purpose of this study was to determine how much arabinitol was formed in cultures of clinical isolates of yeasts and what conditions favored its formation.
Polyols are major constituents of many fungi (7, 11) . Glycerol, a three-carbon polyol, was first described as a product of yeast metabolism by Pasteur. Osmophilic yeast species recovered from honey, brood comb pollen, and flower parts have been found to produce glycerol and erythritol (12) . The major polyol detected in cultures of these isolates, however, was arabinitol: as much as 60% of the sugar utilized by these strains was converted to arabinitol.
Arabinitol had earlier been detected in the fermentation residue of bakers' yeast and blackstrap cane molasses (1) . Candida tropicalis and Candida lipolytica have been reported to produce arabinitol when grown on sugars or n-alkane mixtures (4) . One strain of C. tropicalis afforded a yield of 50% based on the weight of dissimilated alkane. The remarkable efficiency with which yeasts convert diverse carbon sources to D-arabinitol has been the subject of several patents. Our interest in polyols developed in the course of evaluating the use of gas-liquid chromatography in the diagnosis of disseminated candidiasis. It was reported that patients with fungemia or candidiasis had high serum levels of substances containing mannose (8) . We were unable to confirm this, but found that a major component of yeast cultures was present in sera from some patients with invasive infection due to Candida species (5) . We identified the yeast metabolite as D-arabinitol by mass spectrometry, mixed melting point determination, and by cochromatography studies. D-Arabinitol is not known to be a normal human metabolite (14) ; it has been detected in low levels in sera from uremic patients and in urine from healthy individuals (9). It is not known if arabinitol detected in urine derives from diet constituents, is a product of host metabolism, or is produced by yeast resident in the bowel. The route of elimination and the clearance rate have also not been described. The present study was undertaken to determine which yeast species produce arabinitol. We also tested the ability of different strains to assimilate D-or L-arabinitol and examined the relationship between arabinitol production and osmophilicity.
(This work was presented in part at the 80th Annual Meeting of the American Society for Microbiology, Miami, Fla., May, 1980 bRange given within parentheses. dilution factor. Sampling. After incubation for 4 to 8 h, cells were counted directly at 1-to 4-h intervals. Cultures were blended in a Vortex mixer, and 1.0 ml was removed with a sterile 5-ml syringe. The hemacytometer was loaded by touching a drop to the edge of the cover slip; the remainder was used to determine the number of colony-forming units or, by using a 0.45-gm membrane filter (Millipore Corp.) after filtration, the concentrations of glucose or arabinitol. Samples for carbohydrate analysis were stored at -20'C.
Analytical. The trimethylsilylethers of carbohydrates were measured by using gas-liquid chromatography as previously described (5). The derivation procedure and analysis are based on the method of Sweeley et al. (13) . The internal standard for arabinitol determinations, a-methylmannoside in acetone (5.0 jig/ml, 0.20 ml), was added to 0.10 ml of culture filtrate in a glass centrifuge tube. This was blended in a Vortex mixer and evaporated under a nitrogen stream. A 0.10-ml portion of the derivatizing agent (pyridine-hexamethyldisilazane-trimethylsilyl chloride, 6:2:1 [vol/ vol]) was added to the residue, and the tube was sealed with a Teflon-lined cap, placed in a 45°C water bath, and agitated for 15 min. After a brief centrifugation, 5 pl of the supernatant was analyzed by gas-liquid chromatography with a flame-ionization detector and an oven temperature program (140 to 220°C, 4°per min). The Hewlett-Packard 5730A gas chromatograph was equipped with a 3380A integrator. The instrument was fitted with dual 1.8-m, coiled glass columns (62.5 mm in diameter) packed with 3% SE-30 on 80/100 mesh Gas-Chrom Q (Hewlett-Packard, Avondale, Pa.). The nitrogen carrier flow was set at a rate of 40 ml/min. The detector response factor of arabinitol relative to a-methylmannoside was 1.33 as determined by analysis of mixtures of known amounts of the polyol and the standard in water. When glucose and arabinitol were measured simultaneously, mannitol at 50 yg/ml was incorporated in the internal standard solution. The glucose level was derived by dividing the product of the known mannitol concentration and the sum of peak areas of the alpha and beta anomers of glucose by the peak area of mannitol.
Media, chemicals, and solvents. YNB, glucose, and Noble agar were obtained from Difco Laboratories, Detroit Figure 3 shows the number of yeast cells per ml and the glucose and arabinitol levels obtained by sampling a culture at more frequent intervals.
The C. albicans strain AP/F23 used was recovered from tissues obtained at autopsy from a patient with disseminated infection; the yeast was grown in 2.5 mg of glucose per ml in YNB at 37°C. These early studies showed that by sampling cultures which had been in stationary phase for indeterminate periods, the peak of the arabinitol curve might be missed.
The decrease of the metabolite in filtrates as the culture reached stationary phase was examined by determining the relationship between intracellular and extracellular arabinitol levels. With C. albicans strain AP/H09 and the same conditions as above, we sampled the cultures at frequent intervals: a portion was ultrasonically disrupted, an undisturbed portion was counted, and arabinitol was measured in the sonicate and culture filtrate. Samples were disrupted in a Branson sonifier for 15 min at 100 W (Heat Systems, Plainview, N.Y.). Figure 4 illustrates the results of this experiment. The difference between arabinitol concentrations of the cellfree media and the sonic extract of the culture represents the amount released as the yeast cell wall was disrupted. Figure 4 shows that after 40 h of incubation the arabinitol concentration in the culture filtrate, i.e., the extracellular concentration, was 149 ,ug/ml. Sonication of a portion of the culture released 61 ,ug/ml of arabinitol. As the culture remains in stationary phase, there is a decrease in both intracellular and extracellular levels of the metabolite.
The intracellular concentration of arabinitol can be derived from the amount released by ultrasonic disruption of a yeast suspension. In Fig. 4 , at 40 h, the cell number was 107 per ml. The mean diameter of the cells, measured with a microscope with a calibrated eyepiece, was 3 p,m. This gave a total intracellular volume of about 1/500 of the culture volume. Multiplying the reciprocal of this factor by the amount of arabinitol released, 61 ug/ml, gave an intracellular concentration of about 30 mg/ml.
A basis for comparing arabinitol production rates of various strains was established by defining a single point during the exponential growth phase and determining the arabinitol level in cultures at that reference point. A cell concentration of 7 contain 5.62 x 106 yeast cells per ml, and 2 h later, the cell numbers had increased to 1.10 x 107; the corresponding arabinitol levels were 15.0 ug/ml and 28.2 jg/ml. On a graph of cell number versus arabinitol concentration, the line defined by these values was plotted, and the arabinitol concentration at 7.5 x 106 yeast cells per ml was determined to be 18.0,ug/ml. Generation times were also calculated at this interval from the relationship: g = 0.69t/(ln X -X0), where t is time between samplings and X0 and X are the cell numbers at initial and subsequent samplings respectively (3) .
A total of 46 yeast strains were tested. Table  1 presents the number of strains of each species, the mean generation times and the mean and range of arabinitol concentrations. All of the strains of C. albicans, C. tropicalis, Candida parapsilosis, and Candida pseudotropicalis tested produced D-arabinitol. Production rates, as measured by the concentration of the metabolite at the reference point, varied over a wide range. Among species which produced arabinitol, mean concentrations are of similar magnitude. None of the strains of Candida krusei, C. neoformans, and Torulopsis glabrata produced arabinitol.
The ability of tested strains to assimilate Darabinitol and to grow in the presence of high sugar concentrations is shown in C. tropicalis 12 12 11 C. parapsilosis tabolized by some strains; as glucose is exhausted, the metabolite is taken up by cells and utilized. The high intracellular concentrations and the efficiency of arabinitol production and utilization suggest that the compound may serve an important physiological function and may define in significant ways the intracellular millieu of the yeast.
Investigations of the functional significance of fungal polyols were reported in studies with Saccharomyces cerevisiae and Saccharomyces rouxii (2) . The former organism is nonosmophilic and the latter thrives in media with high solute concentrations. Osmophilic strains differed from sugar-intolerant strains in their intracellular composition: osmophilic strains produced large amounts of arabinitol and other polyols.
The activity of many enzymes diminishes with increasing levels of certain solutes. The halophilic bacteria maintain functional integrity at high osmotic pressure by concentrating K+ at the expense of Na+. The yeasts which tolerate concentrated sugar solutions may, in an analogous manner, modulate the flux of solutes across the cell membrane by converting glucose to arabinitol and concentrating the polyol inside the cell. Arabinitol and other polyols are, like potassium, compatible solutes. They may be present at high concentrations without inhibiting enzyme activity.
Among the yeast species tested, no clear relationship exists between the ability to produce arabinitol and sugar tolerance. Every strain of T. glabrata, for example, grew on a media with 60% glucose; none of these isolates produced arabinitol. Further study is needed to determine if nonproducer strains that tolerate high solute levels elaborate other polyols. Only strains that produced arabinitol were able to grow in culture when D-arabinitol was the sole carbon source. Ability to assimilate this isomer was not present in all producing strains, and, as a consequence, the property is not useful in predicting significant production by an isolate. The observation that L-arabinitol is not utilized by any strain supports the assignment of the configuration given to the pentitol detected in cultures.
The relevance of these studies to the use of serum or urine arabinitol levels in the diagnosis of invasive candidiasis is twofold. First, arabinitol was produced by every strain of the Candida species most frequently isolated from blood or tissues at this hospital: C. albicans, C. tropicalis, and C. parapsilosis. A second point which these studies serve to emphasize is that arabinitol is a metabolite. In culture the amount of arabinitol formed and the rate of its formation depend on VOL. 14, 1981 on June 23, 2017 by guest http://jcm.asm.org/ Downloaded from cell number, the efficiency of the strain, the rate of growth, and the availability of substrate. These factors are also likely to influence arabinitol production in vivo.
Detection of yeast metabolites is one of many efforts to improve the diagnosis of life-threatening fungal infections. Elevated levels of arabinitol, a major product of some Candida species, have been detected in serum from patients with proven infection (5, 10) .
We undertook this study, in part, to see if yeasts elaborate arabinitol in sufficient quantity to account for its accumulation in vivo. The levels in serum or urine that might be found as a result of an infection depend on the efficiency of arabinitol production in vivo and on the mode and rate of elimination of the metabolite by the host. We are currently investigating the metabolism and excretion of D-arabinitol by experimental animals and man.
